Prom Inflation to Dark Energy 
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It is proposed that after the macroscopic fluctuation of energy density that is responsible for in- 
flation dies away, a class of microscopic fluctuations, always present, survives to give the present day 
dark energy. This latter is simply a reinterpretation of the causet mechanism of Ahmed, Dodelson, 
Green and Sorkin, wherein the emergence of space is dropped but only energy considerations are 
maintained. At postinflation times, energy is exchanged between the " cisplanckian" cosmos and an 
unknown foam-like transplanckian reservoir. Whereas during inflation, the energy flows only from 
the latter to the former after inflation it fluctuates in sign thereby accounting for the tiny effective 
cosmological constant that seems to account for dark energy. 



It has become apparent in recent years that the most 
important component of energy that drives the Hubble 
expansion is the so-called dark energy, (70%). It is ho- 
mogeneously distributed as opposed to cold dark matter, 
which is associated with the galaxies. Moreover its den- 
sity remains relatively constant in a range of z values of 
0(1). For these reasons most astrophysicists and cosmol- 
ogists consider dark energy to have the characteristics of 
a cosmological constant, probably associated with some 
form of vacuum energy. 

We are then presented with the seemingly enigmatic 
situation that, whereas one appeals to a phenomenolog- 
ical A to explain cosmogenesis and inflation, of planck- 
ian origin and magnitude, at present we are con- 

fronted with A of a vastly different order of magnitude 
(< 10^^"°). Do these phenomenologies have anything to 
do with each other? In this paper we argue in favor of 
the hypothesis that they are in fact strongly related. The 
present value of A could well be a remnant of inflation 
that is induced by fluctuations of vacuum energy. After 
the macroscopic fluctuation, that is responsible for infla- 
tion, decays into quanta, , there remain fluctuations of 
vacuum energy in the presence of these quanta (present 
day particles). We reinterpret the causet scenario of j3| 
in this light. 

Our paper is laid out as follows: We first summarize 
the causet mechanism j3| in preparation for its reinterpre- 
tation and then make contact with inflation and our pre- 
vious concept of the inflaton. We will also make contact 
with the creation of cisplanckian modes, which one sup- 
poses must occur to keep constant, in the mean, the cis- 
planckian mode density ( equivalent to a constant planck- 
ian cut-off) , see 0| . The analogous scenario of mode cre- 
ation in the black hole evaporation process is discussed 
as well. 

When the inflationary epoch is terminated, our inter- 
pretation of the causet mechanism does not modify the 
quantitative realization of Q at least at this stage of de- 
velopment. This latter is given in terms of the parameter, 
a (see Eq.l below), the value of which is rather tightly 
constrained on phcnomenological grounds This pa- 



rameter plays a role in the estimate of the inflaton mass, 
using notions taken from . 

It is evident, that like all phenomenologies which in- 
volve quantum gravity and planckian physics, this paper 
is conjectural in character. Its interest is to show that it 
is possible to formulate hypotheses that unify cosmogen- 
esis, inflation, dark energy and mode creation. 

A brief resume of ^ is now sketched. Random fluc- 
tuations of planckian units of energy (better, of action) 
are sequentially fed into the expanding cosmos. In ref. 3 
these lumps are taken to be planckian elements of space 
-time as well. They are distributed at random with a 
mean planckian density. A stochastic process is set up 
in time in which the events in the i'th slice of time gen- 
erates those in the {i + l)th [Eq.l below]. This set of 
events is called a causet. Its observable effects are lim- 
ited to the past light cone of a comoving observer hence 
proportional to the space time volume {V) of the light 
cone bounded sufficiently far back in the distant past so 
as to validate the estimate V oc H~'^ where H{t) is the 
Hubble constant at the proper time of the observer. Two 
essential assumptions are: 

1. Designating pM as the energy density of everything 
else but the vacuum energy density (pa), it is assumed 
that as pm — > then pA ~> 0. This is tantamount to 
the assumption that there is a stable quiescent vacuum 
towards which the universe evolves at late times; com- 
plete rest is the "natural" condition of the cosmos. This 
assumption is natural in that, were the vacuum state 
Pm — ^ characterized by nonvanishing pA , the universe in 
which this vacuum exists would expand, thereby creating 
energy, pM, which is nonvanishing due to the temporal 
dependence of the metric. 

For this very reason it is necessary to modify the 
first assumption somewhat. The final target state is 
metastable. We assume, as in 0, that large scale fluc- 
tuations, those necessary to be seized upon by the cos- 
mological component of gravity to inflate and seed a new 
universe, are very rare. 

2. Since A varies in time (and in a more detailed for- 
mulation it would vary in both space and time), there 
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would be sources of energy-momentum in general rela- 
tivity which compensate for this variation. These would 
appear in cosmology in the equation for the acceleration 
of a (a = scale factor). This equation is dropped in 
and will be dropped in the foregoing as well. 

On the contrary the energy constraint (Friedmann 
equation) is maintained, an equation of energy balance 
between energy carried by gravity due to the expansion 
and energy sources due to other fields both in vacuum 
and in quanta. This equation is a result of invariance 
under time reparametrization, a physical principle one 
would loathe to give up. 

We remark here on the general point of view given in 
and which we shall adopt in the present work. The 
system treated is open. In the causet elements arise 
from "nowhere" but are created causally (sequentially) 
from those already present. "Nowhere" can also be taken 
to mean from an unknown somewhere and this is the sub- 
stance of our reinterpretation. The parameter a is then 
interpretable as the squared matrix element of the tran- 
sition from this "somewhere" to the cosmos accompanied 
by energy exchange between the two. This is what allows 
us to express the inflaton mass in terms of a. 

Our interpretation of Q is perhaps more modest, seem- 
ingly less audacious than the creation of space time lumps 
in its quest for quantum gravity. We suppose that space- 
time is preexistent. The planckian lumps are the lo- 
calized scenes where energy exchange occurs between 
the transplanckian world (i.e. degrees of freedom whose 
length scale is less than planckian, often called space time 
foam) and the cisplanckian world, our cosmos, the quanta 
therein and the vacuum in which these quanta are situ- 
ated. This point of view allows one to conceive of infla- 
tion, mode creation and the present day A on a common 
basis. 

It is commonly believed that the modes used to quan- 
tize fields in usual (cisplanckian) quantum field theory 
supply a valid description on scales of momenta less than 
planckian. {p < 1) where we use planckian units. Herein 
there is an inherent frame dependence taken to be the 
cosmological rest frame, a weakness one hopes to elimi- 
nate in a future covariant formulation if such is possible. 
For p > 1, gravitational interactions among the modes 
become the dominant component of energy. One expects 
these modes to become overdamped and field theory on 
this scale must be considered a strong coupling theory. A 
possibility that is often envisaged is that fields on these 
short length scales fold up into localized structures of 
planckian and transplanckian dimensions and densities. 
Wheeler's so-called foam. 

The foam, in this image, serves as a reservoir of cis- 
planckian modes which we now explain. As the universe 
expands, wavelengths expand with it. Therefore a cut 
off of modes a.t p — 0(1) at earlier times, say t = to, 
becomes reduced by a factor {a{to) / a{t)) . 

From inflationary times to the present this can result 



in a reduction in mode density 0(10"^^"). But it is nat- 
ural to suppose that cisplanckian physics does not vary 
sensibly in time in which case modes must be produced 
constantly. One possibility is that space is produced from 
"nowhere" as in causet theory (see Q) and, in that space, 
modes of density 0(1) exist because of the discretization. 
Another possibility is that space is preexistent. This is 
the hypothesis that has been explored in to explain 
the phenomenological inflaton and its mass at the same 
time as mode creation. In this scenario the degrees of 
freedom that are locked into the localized transplanck- 
ian structures are steadily solicited so as to maintain the 
cisplanckian mode density constant as the universe ex- 
pands. Vacuum is conceived as a sort of state of phase 
equilibrium between two fluids, the transplanckian reser- 
voir and the cisplanckian world. There must always be 
as many degrees of freedom in the reservoir as is neces- 
sary to maintain this situation. An example would be 
supplied by the massy and/or short wave length modes 
of string theorvif ever that hypothesis could be made to 
work. In fact, |y] supplies an image of high energy strings 
connected to black hole structures which could serve as 
a nice model of foam along these lines. 

This cis-trans equilibrium thus is implemented by the 
exchange of degrees of freedom from planckian lumps of 
energy to and from modes. Localized structures of foam 
give and take energy from the mean situation wherein 
the cisplanckian vacuum energy density is maintained 
constant in the mean. As in any equilibrium, there will 
be fluctuations about this mean. These will carry both 
signs of energy and a sensible stochastic hypothesis for 
these fluctuations could be Eq.l wherein the fluctuation 
of action at time t = ti+i is preconditioned by its value 
at time t = ti. Independently of any detailed mecha- 
nisms, as pointed out in ref 3, the order of magnitude 
of vacuum energy density at time t, in a universe where 
matter is present, is ±[i/(t)]^ since the volume of the 
backward light cone is 0[{H{t)~'^] and the net energy 
transfer in this light cone is ±A^(t)^/^ where N{t) is the 
number of cis-trans exchanges which are supposed to be 
planckian in energy as well as density. Thus, N(t) is 
0[{H{t)-^] as well, whence pA oc 0{N^^^/H-^) = H^{t). 
As stated, our reinterpretation maintains this remarkably 
simple and successful explanation of p\. 

There is one very important point that must be em- 
phasized, to wit: it is supposed that only the cisplanck- 
ian energy fluctuations result in the metric back reaction 
of general relativity here given by the variation for the 
Hubble constant appearing in the energy constraint. De- 
grees of freedom locked into the transplanckian structures 
do not have the long wavelength components available 
to affect a macroscopic back reaction. Indeed it is not 
even clear that Einsteinian general relativity as we usu- 
ally practice it applies at all to the transplanckian world. 
One guesses it would not. 

We may understand the above statement in a transpar- 
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ent way by considering theories of black hole evaporation 
that tame the transplanckian problem through mode pro- 
duction or less dramatically through conversion of over 
damped to under damped degrees of freedom (0,0). 

When one tracks an evaporated Hawking photon back- 
wards in time one finds that its trajectory hugs the hori- 
zon at exponentially short lengths hence describing a vac- 
uum fluctuation in the Schwarzschild metric which has 
exponentially large proper energy (eigen value ol 5/5r, r 
being the proper radial coordinate). Thus the description 
in terms of modes fails in this region. Rather one must 
suppose that there is a planckian skin containing trans- 
planckian structures about the horizon which feeds into 
the mode description once the fluctuation of the outgoing 
configuration ( in a wave packet description) is outside 
the skin. Then by subsequent Bogoljubov transforma- 
tion, this fluctuation in part becomes an outgoing quan- 
tum and the energy constraint results in a back reaction 
of the metric described by a loss of black hole mass given 
by the frequency of that quantum in the asymptotic re- 
gion. The transplanckian reservoir serves only to feed 
the cisplanckian modes and the metric back reaction is 
the back reaction to this latter part only. We suppose 
that something of this sort also happens in the cosmo- 
logical expansion wherein the cisplanckian field configu- 
ration arises out of the transplanckian structure due to 
expansion. 

On the basis of this example, one may develop a 
predilection in favour of our interpretation that causets 
do not concern the creation of space in lumps, but only 
the exchange of energy associated with these lumps. In- 
deed, in the black hole example, space is always present 
or presumed as such in all existing models. The trans- 
planckian skin about the horizon in the type of model 
we are discussing is the locus of sites of cis trans ex- 
change. Note that if it turns out that the correct black 
hole transplanckian taming is in-out scattering, as advo- 
cated for example by G. 't Hooft, then this example will 
be irrelevant. 

Let us now turn to inflation. The parameter a in Q 
is defined through the recursion relation Eq.5 in 

_ S,+i _ S, + ai,+^{5N,Y/^ 

PA,i+l — ITj — KFTTat ^ 

The index i denotes the i'th slice through the backward 
light cone at time ii, Ni is the total number of lumps ac- 
cumulated at time ti in that cone, is a random variable 
of mean zero and standard deviation 1. 5Ni is the num- 
ber of lumps in the ith slice, a is a numerical parameter. 
Good agreement with phenomenology was found in [sj 
with a = 0(10-2). See for further detail and the un- 
derstanding why a must be constrained to 0(10-^). It is 
no small achievement that there exist runs which seem to 
be accurate replicas of phenomenology back to z values 
of 0(1). 



We have presented these details to motivate our in- 
terpretation of a as the squared matrix element for cis 
trans exchange of a planckian unit of energy between the 
transplanckian lump in the reservoir and the cisplanckian 
world. 

The relevance for inflation and the mass of the inflaton 
is now presented. As in Refs.P,0|, we start at some time 
when space is flat hence pM = 0, and pA, in the mean, is 
as well. Consistent with the assumption of our target 
values as discussed above, this vacuum state is taken to 
be an equilibrium between the cis and trans fluids. 

Though small scale length fluctuations regress, there 
exist large scale fluctuations which will inflate. (See |3|). 
It was argued in P that this large fluctuation is the phe- 
nomenological inflaton often represented as a scalar field 
but which is commonly believed to be a manifestation of 
quantum gravity. In the usual inflationary scenarios this 
macroscopic fluctuation will slowly regress after the num- 
ber of e-folds is sufficient to account for our observed uni- 
verse. The initial fluctuation is chosen sufficiently large 
to do the job 0. Of course, small scale fluctuations ac- 
company this regression. In current phenomenology one 
accounts for the spectrum of cosmic background radia- 
tion in terms of one class of these fluctuations. But we 
now are appealing to another class, those that arise ex- 
plicitly from the fluctuations of the cis trans exchange 
equilibrium and which is our interpretation of 0]. The 
big difference between the physics of the macroscopic 
fluctuation responsible for inflation and the microscopic 
fluctuations which have been discussed until now is that 
these latter occur in a universe already filled with en- 
ergy. As a result, the cisplanckian system can both take 
on and give up energy in these exchanges. This is the nat- 
ural and beautiful explanation of for why pA = 0{H^) 
at present. On the contrary, the macroscopic fluctuation 
called the inflaton is a phenomenon which takes place 
when pm — 0. The cisplanckian system apart from mi- 
croscopic fluctuations then has but negligible energy to 
give up during the evolution of the large macroscopic fluc- 
tuation. Almost all of the transplanckian lumps within 
this large fluctuation only give energy to the cisplanck- 
ian degrees of freedom i.e. the modes, thereby creating 
our universe after reheating. As we have emphasized the 
macroscopic metric back reaction encoded in the expand- 
ing scale factor is due only to changes in energy in the 
cisplanckian world. 

We thus understand why the inflationary Hubble con- 
stant, or equivalently the value of pA during inflation is of 
planckian scale. All the transplanckian lumps that give 
up energy act in consort to increase the total energy of 
the inflating universe until towards the end when the in- 
flatonic motor runs out; preheating takes place and the 
isentropic expansion ensues. Thus the energy density in- 
duced in the cisplanckian world at inflationary times is no 
longer 0{N'^/'^ /V) [where we recall that N is the number 
of lumps that affect the trans cis exchange and V is the 
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space time volume of the backward light cone] . Rather in 
the inflationary epoch the energy density passed to the 
cisplanckian world is 0{N/V) [= (R-'^/H-^) = 0(f)]. 
In short, inflation is a process of coherent passage to the 
cisplanckian world of energy from transplanckian lumps 
whereas the dark energy is a random incoherent pro- 
cess with either sign of energy exchange. At the same 
time, and presumably by the same mechanism cisplanck- 
ian modes are created from the transplanckian degrees of 
freedom. 

One may refine somewhat the estimate of the order of 
magnitude of pA during inflation or at least the effective 
inflaton mass by appeal to a and its interpretation as the 
squared matrix element for the exchange. 

It was argued in that the inflaton is a wave of vary- 
ing density induced by fluctuations from the equilibrium 
resulting from cis trans exchanges. On this basis the in- 
flaton mass was estimated from the equation 

^2 = (2) 

where p = probability of cistrans exchange and M equal 
mass scale of the matrix element for the exchange. We 
here identify p — a {— O(f0^^)). Phenomenologically, 
^ = O(I0-6 - 10-5) whence M = 0(10"''), a not unrea- 
sonable number but nevertheless rather lower than what 
one might have expected. Only when a fundamental the- 
ory of planckian and transplanckian physics begins to 
take on a credible form will we be in a position to con- 
firm or infirm these considerations. 

After the first draft of this article I had occasion to 
hear Renaud Parentani present his recent work on the 
production of cis planckian modes from a transplanckian 
reservoir field. The essential input of his theory is a set 
of stochastic assumptions governing the reservoir field, 



designed to give the desired result of a mean planckian 
density of cis planckian modes during the Hubble expan- 
sion. The output is the elegant passage from over to 
under damping of degrees of freedom at the planckian 
level. It is clear that this point of view has much in com- 
mon with ideas expressed in the above paragraphs and 
it will be most interesting to see if this recent work can 
furnish more quantitative detail on our point of view of 
dark energy and inflation. 
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